2 on dynamical timescale which leads to a common envelope and a spiral in phase. The final product could be either a Thorn-Żytkow object or a short-period binary if the envelope is ejected (e.g. Tauris, van den Heuvel, & Savonije 2000; Podsiadlowski et al. 2002) . Podsiadlowski et al. (2002) made a survey of the X-ray binary sequences with the donor masses ranging from 0.6 to 7M ⊙ . These authors found the actual mass transfer rates through RLOF sometimes deviate from the values given by the traditional formula for thermal mass transfer 1 ,
where M i 1 and M i 2 are the initial masses of the accretor and the donor respectively, and τ KH is the Kelvin-Helmholtz time scale
where G is the gravitational constant, and L 2 the luminosity of the donor star. The work done by Langer et al. (2000) on the evolution of white dwarf binaries also indicates that Eq.
(1) could overestimate the mean mass transfer rates by a factor of a few.
However, due to its simplicity, Eq.
(1) has been widely used in population synthesis investigations (e.g. Hurley et al. 2002; Belczynski et al. 2007 ) for thermal timescale mass transfer in close binaries. The aim of this paper is to present a modified empirical formula to estimate the mean thermal timescale mass transfer rates onto neutron stars, by calculating the evolutions of IMXBs systematically. The results may be helpful to future investigations involving mass transfer processes in IMXBs. We describe the stellar evolution code and the binary model used in this study in §2. The calculated results and fitting formulae for the mass transfer rates are presented in §3. We conclude in §4.
Binary calculations
We have followed the evolution of the binary systems containing a neutron star and an intermediate-mass secondary star using an updated version of the evolution code developed by Eggleton (1971 , see also Pols et al. 1995 . The opacities in the code are from Rogers & Iglesias (1992) and from Alexander & Ferguson (1994) for temperatures below 10 3.8 K. We assume a mixing length parameter of α = 2, and set the convective overshooting parameter to be 0.2. The metallicity of the secondary is taken to be Z = 0.02 and 0.001, and the corresponding Helium abundance is 0.28 and 0.242, respectively. Each system is set to start with a neutron star of mass M 1 = 1.4M ⊙ and a secondary of mass M 2 from 1.6 to 4.0M ⊙ . Systems with donor mass higher than ∼ 4.0M ⊙ always experience unstable dynamical mass transfer (Tauris, van den Heuvel, & Savonije 2000; Podsiadlowski et al. 2002) . The effective RL radius of the secondary is calculated with Eggleton's equation
where a is the orbital separation, and q = M 2 /M 1 is the mass ratio. We use the following formula to calculate the mass transfer rate from the donor star via RLOF (Eggleton 1971)
where RM T is a parameter adjusted automatically in the code, usually taken to be 500.
The mass loss of the secondary via stellar wind is calculated according to the empirical formula given by Nieuwenhuijzen & de Jager (1990) ,
To follow the details of the mass transfer processes, we also include losses of orbital angular momentum due to mass loss, magnetic braking, and gravitational-wave radiation, although the last process is not important in this analysis. For magnetic braking, we use the standard angular momentum prescription suggested by Rapport, Verbunt, & Joss (1983) . The
Eddington luminosity of the neutron star is
, where m p and σ T are proton mass and the cross section of Thompson scattering, respectively. We limit the maximum accretion rate of the neutron star to the Eddington
i.e.,Ṁ 1 = −fṀ 2 , where
We let the excess mass be lost from the system with the specific orbital angular momentum of the neutron star. The orbital separation then changes according to the following equation (e.g. Soberman, Phinney, & van den Heuvel 1997)
where M = M 1 + M 2 is the total mass, J the orbital angular momentum, andJ MB the rate of orbital angular momentum loss by magnetic brakinig.
Results
We have calculated a large number evolutionary sequences for IMXBs with various initial donor mass and orbital period, so that mass transfer starts when the donor star is on early and late main sequence (cases a1 and a2), in the Hertzprung gap (cases b1, b2, b3) and on the giant branch (cases c1, c2 and c3), respectively. In Fig. 1 we show the initial distribution of the binaries in the M 2 vs. log a diagram. Triangles, squares, and diamonds in the figure correspond to the donor stars being main-sequence stars, subgiants, and red giants at the onset of mass transfer, respectively. We stop the calculation when either the mass transfer becomes dynamically unstable or dominated by the nuclear evolution of the donor. Obviously the occurrence of thermal timescale mass transfer depends on the initial mass ratio and the orbital period. When Z = 0.02 we find that steady case a1 to case b2 thermal timescale mass transfer is possible if the initial donor mass is between 1.6 and 3.6M ⊙ , while systems either containing a more massive donor or in cases b3 and c3 are subject to delayed unstable dynamical mass transfer. When Z = 0.001 the calculated results
show that systems with donors between 1.8 and 3.6M ⊙ experience stable thermal timescale mass transfer in cases a1 to c2, otherwise the mass transfer is dynamically unstable.
Typical examples of the evolutionary sequences with Z = 0.02 and 0.001 are shown in
Figs. 2 and 3 respectively. In Fig. 2 the system contains a neutron star and a companion with initial mass of 3.0M ⊙ , which starts filling its RL roughly at the end of its central hydrogen burning. In Fig. 3 the donor has an initial mass of 3.6M ⊙ and starts filling its RL right after its helium ignition.
In the figures we demonstrate the evolution of the mass transfer rate, the orbital period, the donor mass, and the neutron star mass with time. In Fig. 2 the mass transfer rate first rises rapidly to ∼ 10 −5.5 M ⊙ yr −1 , then declines to a few 10 −8 M ⊙ yr −1 after ∼ 9 Myr, and stays around this value for ∼ 1 Myr. During the former rapid mass transfer phase, the donor mass decreases from 3 M ⊙ to < 1 M ⊙ , but most of the mass is lost from the system, and efficient accretion by the neutron star occurs during the latter part of the mass transfer phase. The orbital period first decreases to around 1.2 day, and then increases to ∼ 30 day at the end of mass transfer. Mass transfer shown in Fig. 3 is more rapid due to the more massive and evolved donor star, lasting around 0.1
Myr. About 2.6 M ⊙ mass is transferred from the donor star during this phase, most of which is lost from the system, and the neutron star mass hardly changes.
In our work the initiation (t i ) and termination time (t f ) of the thermal timescale mass transfer is assumed to be once the mass transfer rate exceeds and declines to the Eddington limit of the neutron star. The mean mass transfer rateṀ mean is calculated from the following equation,
where M i 2 and M f 2 are the donor mass at t = t i and t f , respectively (stellar wind mass loss is negligible). In Tables 1 and 2 we list the calculated values of t i , t f , M 
for Z = 0.02, anḋ
for Z = 0.001.
Summary and discussion
Our numerical calculations show that there are stable super-Eddington thermal timescale mass transfer processes in IMXB systems with donor mass between 1.6 and 3.6M ⊙ in both Z = 0.02 and Z = 0.001 cases. We find that on average the traditional expression (Eq.
[1])
overestimates the thermal timescale mass transfer rates by a factor of ∼ 4.
The results are obviously subject to various uncertainties in treating the mass transfer processes in binary evolution. One of the issues is the mass and angular momentum loss during mass transfer. We have used Eddinton-limited accretion rate for neutron star accretion. Recent observations of quite a few binary millisecond radio pulsars constrain the pulsar masses to ∼ 1.35 M ⊙ (Bassa et al. 2006 , and references therein), suggesting that that almost all of the transferred mass may be lost rather accreted by the neutron star during the IMXB and LMXB phase. If the lost mass carries the specific orbital angular momentum of the neutron star, the orbital shrinking during thermal timescale mass transfer would be slower than we have calculated. This can be clearly seen from Eq. (7) by setting f = 0. The effect on mass transfer is most significant for those binaries with mass transfer rates being mildly supper-Eddington. For example, we find that the mean mass transfer rate is decreased by a factor ∼ 5 if the donor mass is ∼ 1.5 − 2.0 M ⊙ and Z = 0.02. We note that in white dwarf binary evolution, it has also been realized that the strong mass loss from the accretor can stabilize the mass transfer even for a relatively high It should be also noted that, during the evolution of an IMXB the strong X-ray radiation by the accretor and the accretion disk could illuminate the donor star and cause expansion of the donor and strong stellar wind (Podsiadlowski 1991; Hameury et al. 1993; Phillips & Podsiadlowski 2002) , which would also lead to a higher mass transfer rate and shorter duration of mass transfer. As there is not a generally accepted theory on the irradiation effect, we have not include it in our calculations. 
